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Currently, the superparamagnetism is a big challenge for further density increment of 
magnetic recording system. One effective approach to solve it is to realize the required 
SNR with less number of grains per bit by improving the grain uniformity. 
Self-Organized Magnetic Array (SOMA) can significantly reduce the grain number per 
bit at the required SNR by its perfect uniform grain size and array alignment.  
 
This work is focused on the recording performance evaluation of SOMA media. The 
SOMA media with different anisotropy orientations (3D random, longitudinal, and 
perpendicular) were investigated. The simulation results show that the SOMA media can 
achieve much less number of grains per bit at the required SNR level and is capable to 
realize much higher recording density than the conventional recording media at the same 
grain size. But, there exits a bit-array alignment effect for the oriented SOMA media to be 
used in conventional recording configuration and restricting the overall recording 
performance of SOMA media. This effect can be reduced by the proper optimization of 
the anisotropy field distribution and the exchange coupling of oriented SOMA media. 
The advantage of SOMA media can be realized. 
 
 VIII 
In this dissertation, chapter 1 introduces the configuration of conventional magnetic 
recording system, its fundamental limitations, and the picture of SOMA media. Chapter 2 
provides the modeling of magnetic recording system including the micromagnetic 
modeling of recording media, the geometric nanostructure of recording media, and the 
modeling of recording and reproducing process. Chapter 3 investigates how the oriented 
SOMA media achieve the reduced grain number per bit at a required SNR level and 
shows the areal density increment potential of SOMA media. Chapter 4 studies the 
recording performance of current available SOMA media, 3D random anisotropy SOMA 
media. But its recording performance is much worse than the oriented SOMA media. 
Chapter 5 illustrates the new finding phenomenon, the bit-array alignment effect as the 
SOMA medium is used in conventional recording configuration. This effect degrades the 
recording performance of SOMA media. But, narrowing the distribution of anisotropy 
field and reducing the exchange coupling of SOMA media can reduce it to realize the 





Unless otherwise stated, the following abbreviations and symbols are used throughout 
this thesis. 
AMR  Anisotropy Magnetoresistance 
AFC  Antiferromagnetically Coupled 
CM   Conventional Media 
DLC  Diamond-Like Carbon 
GMR  Giant Magneto-Resistive 
HAMR  Heat Assisted Magnetic Recording 
HKS  Head-Keeper Spacing 
LLG  Landau-Lifschitz-Gilbert 
LMR  Longitudinal Magnetic Recording 
OR   Orientation Ratio 
RH   Ring Head  
SUL  Soft Under-Layer 
SOMA  Self-Organized Magnetic Array 
SPH  Single Pole Head 
SNR  Signal-to-Noise Ratio 
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Chapter 1  Introduction 
 
In the modern information age, the demand for high performance, low cost, and 
nonvolatile information storage systems is ever increasing. To date, magnetic information 
storage technology, used in hard disk, floppy disk and tape drives, is most widely applied. 
Especially the magnetic hard disk drive, as a nonvolatile digital information storage 
device, is the dominant secondary mass storage device for computers ranging from 
notebooks to mainframes. The first computer’s hard disk drive was introduced by IBM in 
1956. Over the recent past years, substantial progress has been made to improve both the 
recording density and the data rate [1] [2]. As shown in Fig.1.1, the areal density had 
increased about 60% per year since 1990. After 1998, the adoption of the giant 
magneto-resistive (GMR) playback head speeds up the areal density increment rate to 





Fig.1.1 IBM areal density road map (1956-2010) [24] 
 
1.1 Magnetic Recording System 
 
 
Fig.1.2 Longitudinal and Perpendicular Magnetic Recording 
 
A nonvolatile digital information storage device is constructed from a physical system 
 3 
that can accommodate two distinctive states. In magnetic recording system, the state is 
denoted by the magnetization direction of the storage bit. As shown in Fig.1.2, according 
to the magnetization direction, hard disk drives can be classified into two categories: 1) 
longitudinal recording, where the easy axes of magnetic grains are parallel to the thin 
film plane; 2) perpendicular recording, where the easy axes of magnetic grains are normal 
to the film plane. Fig.1.3 depicts the principle of longitudinal magnetic recording. The 
two states are altered back and forth by write head at the localized storage site. State 
switches or not will produce distinguishable signals in the read head. In one magnetic 
recording scheme, a transition is considered as “1” and non-transition is considered “0” in 
a clock window. 
 
 
Fig.1.3 Schematic principle of longitudinal magnetic recording 
 
Longitudinal recording technology is at present the basis of most information storage 
systems. Though the commercial product using the perpendicular recording technology in 
HDD has just been launched, it is realistically estimated that perpendicular recording 
 4 
system is a primary candidate, whose areal density is in the range of doubling the areal 
density achievable with longitudinal media, around 200-300 Gbit/in
2 
[29].  
1.1.1 Recording Media 
 
The thin-film media for a hard disk drive is a stack of multiple layer thin films formed on 
either NiP-coated aluminum alloy or glass substrate [3]. Among the multiple layers of 
thin films, the early hard disk media only employed a single magnetic layer as the 
recording layer for longitudinal recording (see Fig.1.4), which is usually a polycrystalline 
alloy of Co, Cr, and Pt with additional elements such as Ta or B to improve the magnetic 
properties. The latest magnetic media, however, employ more than one magnetic layer as 
the recording layer, such as the antiferromagnetically coupled (AFC) media to improve 
the thermal stability of the information bits recorded on the hard disk. The underlayer is 
mainly used to control the crystallographic texture, grain size and morphology in the 
magnetic layer. The seedlayer is normally used to induce certain crystallographic texture 
of the underlayer/magnetic layer or to reduce grain size. 
 5 
 
Fig.1.4 Typical longitudinal and perpendicular media structures 
 
For perpendicular media, the existence of a Soft Under-Layer (SUL) coupled with single 
pole writing head will significantly enhance the perpendicular writing field. And the 
Co/Pt multi-layer has much higher anisotropy energy than conventional CoCr alloy.  
 
Typical lubricant used for rigid disk is perfluoropolyether organic polymer. It is used to 
reduce friction and wear during occasional head-disk contact. Protective layer is 
amorphous diamond-like carbon (DLC) overcoat, usually used to protect the magnetic 
layer from surface damage and corrosion. Conventionally, Al-Mg substrates are used for 
rigid disks. In the recent years, glass substrates have emerged as an attractive alternative, 
primarily due to increased rigidity, impact resistance and its lighter weight. 
 
Fig.1.5 shows typical longitudinal-recorded bits. The magnetic recording layer has a 
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granular structure, composed of different-shapes of grains, accompanied with a 
distribution of anisotropy angle and magnitude. For ultra-high areal density magnetic 
recording, the recording medium must have a sufficient Ku<V> to maintain thermal 
stability (refer to Section 1.2), a small Mrt value, a small grain size distribution, and small 
anisotropy angle and magnitude distributions. The grains are interacting with each other 
by exchange coupling field and magnetostatic field. The recorded transition is 
magnetically defined by the magnetizing direction of the grains. As shown in Fig.1.5, 
many grains are utilized for each transition and the signal is decided by the statistics of 
magnetized grains. As a result, the media microstructure has played a significant role in 
the recording performance, in terms of how precise the magnetic transition line is.  
 
Fig.1.5 Typical longitudinal-recorded bits 
 
Compared to the conventional longitudinal and perpendicular recording that many grains 
are used to store one bit, there is another novel branch - patterned medium, which is 
supposed to have the capacity of storing one bit in one grain (Fig.1.6). Self-Organized 
Magnetic Array (SOMA) is one type of patterned media that follows a chemical 
 7 
fabrication route in stead of traditional lithography method. Ideally, the grains are 
arranged periodically with uniform spherical shape. Very high anisotropy energy can be 
achieved by FePt-based SOMA media, and the grain diameter is reduced to less than 4 
nm while thermal stability is still maintained. Exchange coupling strength between the 
grains is very small due to the good non-magnetic grain boundary segregation. Though 
easy axis is still 3D-random at present research stage, perpendicular or longitudinal 
orientation will be induced in the near future to improve the overall performance of 
recording system. In this dissertation, the main focus is the simulation study of recording 
performance based on SOMA media. A detailed introduction of this media is in Section 
1.4. 
 
Fig.1.6 FePt SOMA media ( %5=diameterσ ) 
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1.1.2 Inductive Write Head 
 
In the magnetic recording system, a write head produces a sufficiently large magnetic 
field, overcomes the media coercivity and reverses the medium magnetization. The 
typical inductive write head consists of three parts: the yoke region, the neck region and 
the pole tip region. The write current passes through the coils around the yoke region and 
produces an internal magnetic field in the yoke region. Due to the high core permeability, 
the magnetic field is concentrated at the neck where the write head dimension shrinks. An 
external field is induced in the recording gap due to the field continuity. The basic 
requirements for a write head are: 1) sufficiently high writing field; 2) large field gradient; 
3) small side writing and side erasure; 4) fast frequency response; 5) compatibility with 
media; 6) low cost. According to different recording technologies, two main write heads – 
Ring Head (RH) and Single Pole Head (SPH), are under the research and industrial 
development. 
 
Inductive RH has been well designed for longitudinal recording system originally 
(Fig.1.7). The fringe part of the head field in the head gap vicinity is used as write field. 
When considering an infinite track-width, based on the assumption that the potential 











==                                   (1.1) 
where g is the gap length and Hg  is the deep gap field. Here x is the down-track 
direction and y is the perpendicular direction to disk plane. The magnetic fields in the 
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=                 (1.3) 
where N is the total turns of the coil and ε  denotes the efficiency of the head.  
 
Fig.1.7 Inductive RH used in longitudinal recording system 
 
In the expression, y is the distance from head pole surface to media layer, this value, 
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normalized to head gap g, is very critical to the field strength and field gradient. As 
shown in Fig.1.8, the larger the y/g, the weaker the field strength both in x and y direction. 
Field gradient in down-track direction is the largest around the edges of head gap and also 
decreases with increasing y/g. Because Hg can not be infinitely large due to the limitation 
of the available highest saturation magnetization material is not more than 2.4 Tesla. As 
reducing the flying height, both the strength of write field and the field gradient increases. 
 
Fig.1.8 Field distribution of RH (left) & field gradient in down-track direction (right) 
 
From Fig.1.8, we also find that the perpendicular component of RH field Hy  can be 
used for writing in perpendicular recording. This is another proposed application of RH, 
shown in Fig.1.9. 
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Fig.1.9 Inductive RH used in perpendicular recording system 
 
Comparing the two perpendicular recording systems shown in Fig.1.9 and Fig.1.10, 
besides the presence of a SUL, Fig.1.10 is also different from Fig.1.9 in the type of 
recording head: it is a SPH instead of a RH. Unlike the RH, the SPH, utilized in 
combination with the SUL, has a physical gap between the main pole and return pole that 
is substantially much larger than the flying height. The purpose of the large gap is to 
force magnetic flux to flow through the SUL rather than through the gap region, thus 
enhancing the perpendicular component of the magnetic field. The maximum field of RH 
never exceeds Mspi2  of the head material, while the perpendicular recording field from 
SPH can be increased by around a factor of 2, i.e., it can reach Mspi4 , if a medium with a 
SUL is utilized. Therefore, the SUL is an indispensable part of the recording head rather 
than it is of the recording medium [5]. 
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Fig.1.10 Inductive SPH used in perpendicular recording system 
 
1.1.3 Playback Head 
 
In the early 1990s, a new type of head which is based on the anisotropy 
magnetoresistance of certain magnetic materials was introduced by IBM. This type of 
head is called as AMR head [6]. The AMR effect stems from the spin–orbit interaction 
of electrons, and thus it normally appears in magnetic materials. However the MR ratio, 
denoting the strength of AMR effect, varies from less than 1% to a few percent, 
depending on the type of material. The common material that is used for an AMR head is 
permalloy, of which the MR ratio is about 2–4%. It decreases almost linearly with 
thickness for ultra-thin films (<10 nm) [39]. Although the AMR head showed much better 
performance in terms of sensitivity and scalability than the thin-film inductive head, its 
pace of structural miniaturization and performance improvement was soon outpaced by 
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the rapid growth in areal density. The rapid increase of areal density requires 
simultaneously a decrease in both the bit length and the track width. The former requires 
a thinner and more sensitive sensor, while the latter requires a large MR effect. 
Unfortunately, it is difficult for the AMR head to satisfy both requirements 
simultaneously because the MR ratio of the AMR head decreases rapidly when its 
thickness is reduced to less than 10 nm [7]. On the other hand, in 1988, a much larger 
MR effect, that is, GMR, was discovered in artificially made magnetic and nonmagnetic 
multiple layers [8][9]. The MR ratio of this type of super-lattice structure is more than 
one order of magnitude larger than that of the AMR. The GMR structure, however, could 
not be applied directly to the read head as it was because of the large magnetic field that 
is required to switch the magnetization of the magnetic layers from one direction to the 
other. This has prompted IBM to invent a more practical structure for a read sensor which 
is called spin valve GMR [10].  
 
Currently the detailed spin valves consist of a very complex structure. A typical spin 
valve GMR sensor includes a NiFe soft magnetic free layer, a NiFe pinning layer coupled 
with an anti-ferromagnetic layer, a non-magnetic high conductivity Cu layer, and the hard 
CoPtCr bias layer on each side. Because the top NiFe layer is exchange coupled with the 
anti-ferromagnetic layer, the magnetization is almost pinned by the strong exchange bias 
field. Hence, during the playback process, the weak field from the media transitions can 
only change the magnetization orientation of the free layer, leading to a change of the 
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resistivity. In the GMR applications, various materials and structures have been used. 
Several notable review articles have been published in [11]-[15]. It is noted that the Ru 
layer in the GMR spin valve provide anti-ferromagnetic coupling, which has the same 
effect as in the AFC media.  
 
1.2 Fundamental Limitations of Magnetic Recording 
1.2.1 Scaling of System and Flying Height Limits 
 
The areal density of magnetic recording has gained more than 7 orders of magnitude 
since its introduction in the late 1950s. It had been growing at an annual rate of ~60% 
since the early 1990s, and even at 100% in recent years. The traditional and so far highly 
successful approach to continuously improve disk drive performance is based on a 
scaling principle. For example, in order to gain a twofold increase in areal density, the 
relevant head and medium dimensions (head gap, track width, medium grain size, 
medium thickness and magnetic spacing) are reduced by the square root of two. From 
practical engineering considerations, the limitations of areal density are fundamentally 
caused by the inability to infinitely maintain linear scaling of the system dimensions 
below the value at which the flying height reaches the smallest value physically feasible. 
It is believe that it is unlikely to be able to maintain a steady flying height below 
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approximately 5 nm because of the intermolecular interaction between the slider and the 
disk surface. Therefore, deviation from straightforward scaling law is necessary to further 
increase the areal density. Less traditional approaches such as proximity recording and 
contact recording, have also been proposed, and practiced with various degrees of 
success. 
 
1.2.2 Superparamagnetic Limits 
 
Besides the limitations from engineering considerations, another fundamental limit in 
magnetic recording is the thermal effect. For recording media such as thin-film media, 
scaling means a reduction of grain size. Continued scaling in hard-disk recording would 
cause the spontaneous magnetization reversal of individual grains, which would result in 
loss of the recorded data with the concern of thermal stability. The probability of 










ff Bexp0                                             (1.4) 
where k  is the Boltzmann’s constant, T is the absolute temperature, kT  is the thermal 
energy. BE  is the energy barrier, associated with the switching process, and 0f  is the 
so-called “attempt frequency” to cross the barrier. The estimated value of 0f  is 
approximately 910  Hz. The Arrhenius equation indicates that the mean time for the 
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EBexp0ττ                                               (1.5) 
where sf 900 10/1
−==τ  
 
Fig.1.11  Arrhenius - Néel - Brown Model [17] 
 
The energy barrier BE  is mainly determined by the magnetic anisotropy energy of the 
ferromagnetic grains. VKE uB = , uK  is the uniaxial anisotropy constant and V  is the 
grain volume. If the grain volume is sufficiently small, the energy barrier eventually 
becomes comparable to thermal energy and the mean time of spontaneous reversal 
becomes much smaller than the observation time. Consequently, the magnetization 
reverses easily due to thermal energy fluctuation, just like magnetic dipoles in a 
paramagnetic material. However, the magnetic moment of the magnetic particle here is 
much larger because it contains thousands of atoms. Therefore, such magnetic particles 
are called super-paramagnetic. 
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If a bit of information is to be stored by the spheroidal particles, safely for 10>t  
years )103( 8 s× , then Hzf 91033.3 −×< . This means that TkE B40>∆ , or uKTkV /40 B> . 
For a typical thin-film medium, the effective anisotropy constant Ku is 
about 36 /102 cmerg× , at the room temperature KT 300= , ergTkB
141014.4 −×= . 
Therefore, the grain volume V should be greater than 828 3nm . For a cubic grain this 
means that its linear dimension should be larger than ~9 nm . This limit is often called the 
superparamagnetic limit in magnetic recording, although its numerical values are 
dependent upon the magnetic materials and engineering assumptions. Based on SNR 
considerations, a magnetic bit must contain at least 100 thermally stable grains. The 
ultimate areal density of the conventional longitudinal magnetic recording due to 
superparamagnetic limit is approximately 100-150 2/ inGbit , depending on the 
assumptions of medium thickness and material parameters. 
 
Obviously, if the anisotropy constant uK  can be raised, then the medium grain size can 
be reduced further. By the assumption of the medium recordability based on some hybrid 
recording technology such as Heat Assisted Magnetic Recording (HAMR), the search for 
high anisotropy magnetic medium is one of its main topics. 
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1.3 Ultra-High Density Recording Media 
1.3.1 Magnetic Recording Media Prospective 
 
The first magnetic recording media for hard disks were ‘particulate’ media consisting of 
particles dispersed in polymeric binders. The particulate technology was limited by the 
low volumetric magnetization, rough surface (difficulty in reducing flying height) and 
low coercivity. 
 
Thin-film technology offered the advantages of much thinner films and smoother surfaces 
allowing lower flying heights and tunable coercivities, depending on alloy composition. 
Hexagonal Co-alloys were widely adopted because of their high magnetocrystalline 
anisotropies. 
 
In the view of superparamagnetic limits and thermal stability, AFC medium is proposed 
as an alternative type of medium for longitudinal recording. The exchange coupling 
between the layers and a reduction of the demagnetizing fields are expected to enhance 
thermal stability without compromising the recording performance. Perpendicular 
recording media is another promising candidate in the high-density recording. The 
advantages of this kind of media are from its SUL enhanced head field, 
magnetostatic-favored short transition length and orientation related uniform coercivities 
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as well as sharper track edge [29].  
 
Instead of ‘magnetization-defined bit’ in continuous longitudinal and perpendicular 
medias, the ‘particle-defined bit’ in patterned media shows more thermal stability in high 
density due to the larger grain volume but smaller bit area. Under most optimistic 
conditions, the single-particle-per-bit recording on this bit-patterned media might reach 
the recording density in the range of 40 2/ inTbit [17]. 
 
SOMA media utilizes the natural self-assembling phenomena observed in many different 
materials systems to produce physically separated magnetic nano-particles on a regular 
lattice ([18]). It is one kind of patterned media that produce the patterning during media 
deposition other than pre-patterning by electron beam lithography before media 
deposition. The uniform-grain-size and reduced exchange coupling media can maintain 
the media SNR with small number of grains per bit and have potential to alleviate the 
thermal decay problem. The detailed characteristics of SOMA media will be introduced 
in the next section, and the case studies of recording performance based on SOMA media 
have been carried on in the following chapters.  
 
1.3.2 Characteristics of SOMA Media 
1.3.2.1 Approaches of SOMA Media 
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Three approaches to SOMA are being considered. A bottom-up approach starts with 
pre-fabircated uniform, monodisperse nanoparticles and tries to solve problems such as 
long range positioning accuracy and control of easy-axis and magnetic dispersions 
through processing steps on the disc level. Here direct self-assembly of the nanoparticles 
realizes the patterned structure. A top-down approach starts with a magnetic disc 
(continuous exchange coupled perpendicular magnetic medium with minimal anisotropy 
axis dispersion, proper magnetics etc.) onto which an etch template for subsequent etch 
definition of bits is self-assembled. The third approach is a hybrid of the above two. Here 
self-assembly is used to create a mask where material can be electroplated up into the 
template. 
             
Fig.1.12 Left: Bottom-up approach-Self Organization of magnetic particles into Magnetic 
Arrays; Right: Top-down approach- Self Organization of lithographic template and 
Magnetic Arrays defined by subsequent etching of the continuous film or deposition into 
holes [40]  
 
1.3.2.2 Main Issues of SOMA Media 
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To use such SOMA media for either conventional (longitudinal or perpendicular) or 
bit-patterned media, a number of obstacles have to be overcome. 
 
Firstly, while self-organization and size distributions of better than 5% have been found 
in as-deposited FePt SOMA structures, annealing, as required to convert FePt material 
into the desired magnetically hard fct phase, has been found to destroy the array order 
and size distribution via metallurgical sintering processes. Proposals to avoid sintering 
include synthesis of core-shell structures with harder shell (diffusion barrier) and 
enhanced adhesion of the particles to the substrate surface via chemical modification of 
substrates as well as particle ligand shell. It has been shown that by sandwiching FePt 
nanoparticle layers between carbon films, sintering can be avoided even after heating 
to C0700 . 
 
Secondly, all FePt SOMA structures reported to-date have more or less random easy-axis 
orientation, which in not acceptable for future high density media as it will result in extra 
media noise and reduced the signal strength. This appears to be one of the most difficult 
unsolved problems today.  
 
Thirdly, FePt SOMA nanoparticles today are approximately spherical. The surfactant 
shell coating is between 1-2 nm thick. Scaling, under these conditions is much more 
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unfavorable as e.g. for cylindrical grains as advocated in conjunction with perpendicular 
magnetic recording or heat assisted magnetic recording media. 
 
Fourthly, self-organization is limited to dimensions of the order of one to ten micrometer. 
To overcome these limitations two-step processes involving lithographic pre-patterning 
of substrates and subsequent nanoparticle assembly on the smaller scale of 100 
nm -10 mµ  have been proposed to assist the self-assembly and produce organized arrays 
across the full substrate. In rotating storage one would align the lithographically 
pre-patterned regions into a circumferential structure. 
 
1.3.2.3 Recording Prospective of SOMA Media 
 
FePt-based nanostructured materials are promising candidates for future ultra-high 
density recording media because of their good chemical stability and high 
magnetocrystalline anisotropy ( ccerg /10~ 8 ) observed in the ordered intermetallic phase. 
This large magnetocrystalline anisotropy allows grains as small as ~3 nm to be thermally 
stable over typical data storage periods of 10 years. It has the potential of extending 
magnetic recording to ultimate recording densities in 2/5010 inTbit−  range. As shown 
in Fig. 1.13, SOMA media can serve (1) as conventional media with reduced dispersions 
(2) as bit-patterned media with bit-transitions defined by rows of particles and (3) as 
single-particle-per-bit recording [19]. 
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Fig.1.13  Different SOMA media application scenarios 
 
Though there is a wide gap between what has been achieved in all SOMA approaches and 
what is required to reach ultimate densities in magnetic recording, the dispersion and 
positioning control without direct lithographic patterning is the main promise of SOMA 
media. In the following chapters, the comparison study between SOMA media and 
conventional thin film media has been carried out and possible recording problems on 
SOMA media are also investigated through modeling and simulation.  
 
1.4 Contributions and Thesis Overview 
 
Though SOMA media has been brought to the most frontier of magnetic recording media 
research, its recording performance and capability are not easily lab-demonstrated at 
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current stage. This is due to the implementation difficulty from other aspects in the 
recording system, such as the ultra-high writing capability under the hybrid recording 
technology, as well as the slider flyability and stability for it is around the limitation of 
flying height. To get an evaluation of SOMA media recording performance at the system 
level during its early research time, micromagnetic simulation is a feasible approach. The 
work of this thesis is based on the micromagnetic modeling of the recording system, 
followed by various case studies to understand the recording characteristics of SOMA 
media. 
 
Following the first chapter of magnetic recording system introduction, the rest chapters of 
the thesis are organized as: 
 
Chapter 2 is focused on the modeling of recording system. It reviews the fundamental 
model of magnetization process, which is the basis of micromagnetic recording 
simulation. Then the geometric modeling of media grain structure is established aiming at 
SOMA media study, which includes the uniform grain geometry and the non-uniform 
grain size distribution. The writing and reading process is also studied in this chapter.  
 
Chapter 3 compares the recording performances of conventional longitudinal thin film 
media and the SOMA media with in-plane and partial in-line orientation. The critical 
media parameters such as exchange coupling, grain size distribution and easy axis 
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distribution are carefully adjusted to investigate the recording performance accordingly. 
The simulation results show that SOMA media can realize the required SNR with much 
less amount of grains per bit than conventional media. 
 
Chapter 4 is the simulation investigation based on the SOMA media with 3D-random Hk 
distribution, which is the media without any orientation. Two types of recording heads, 
Ring Head (RH) and Single Pole Head (SPH), are used to evaluate its recording 
performance. For 3D random SOMA media, recording with SPH shows better media 
SNR than that with RH. 
 
Chapter 5 illustrates a novel phenomenon named bit-array alignment effect. This effect is 
further studied by examining the recording performance of SOMA media with different 
perpendicular easy-axis distribution and exchange coupling strength. The uniformed 
grain and weak exchange coupling are expected to reduced the degradation of recording 
performance by this effect 
 




Chapter 2  Modeling of Magnetic Recording System  
 
To study the performance of SOMA media in magnetic recording system at current stage, 
the micromagnetic simulation is a direct approach. This chapter introduces the 
micromagnetic modeling of recording media, the geometric modeling of both SOMA 
media and conventional irregular grain media, and the modeling of writing and reading 
process. 
 
2.1 Micromagnetic Modeling of Recording Media 
In the model, the main assumption is that each magnetic grain is single domain and 
uniformly magnetized during magnetization processes, only its magnetization direction is 
changing. The magnetization process is to reach the minimum energy of the whole media 
by aligning the gain’s magnetization towards its local effective field. 
 
2.1.1 Energy Densities 
 
The free energy considered in the simulation model includes the uniaxial crystalline 




Crystalline anisotropy energy 
The uniaxial crystalline anisotropy energy density for a single crystallite (the ith  grain 
in the array) is: 
iuiani KrE θ
2sin)( = , Ni ,...,2,1=                                  (2.1) 
where uK  is the anisotropy energy constant, θ  is the angle between the easy axis 
orientation and the magnetization direction, and N is the total number of grains in the 
array. In the model, it is rewritten in a vector form: 
[ ]22 )(1)( iiuiiuiani mkKmkKrE ⋅−=×= , Ni ,...,2,1=                  (2.2) 
where k  is the unit vector along the crystalline easy axis, and m  is the unit vector in 
the magnetization direction. 
 
Magnetostatic interaction energy 
In the media, each grain interacts with all the other grains through magnetostatic 
interactions. For the ith  grain, the magnetostatic interaction energy density averaged 
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2
1
)( , Ni ,...,2,1=                 (2.3) 
where the summation is over all the grains in the entire array and ijD  is the 33×  
interaction matrix. The matrix ijD  depends only on the geometric parameters of the 
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array and is derived by integrating the magnetic poles on the surface of the jth  grain 



















                                     (2.4) 
where 'r  is the position vector of the magnetic poles on the surface of the jth  grain 
and r  is the position vector within the ith  grain. The self-demagnetization energy is 
included in the iiD  term. 
 
Intergranular exchange energy 
In order to describe possible exchange coupling between nearest neighboring grains 
through grain boundaries, an inter-granular exchange coupling was introduced in a form 









)( ,  Ni ,...,2,1=                          (2.5) 
where *A  is an effective exchange energy constant, M  is the magnetization of each 
individual grain and a  is the center-to-center distance between adjacent grains. The 
summation is over all the nearest-neighbor grains. The effective exchange energy 
constant *A  measures the exchange coupling between the adjacent grains. 
 
Zeeman energy 
This energy term is due to an externally applied field and is often referred to as magnetic 
potential energy: 
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iiext MHrE ⋅−=)( , Ni ,...,2,1=                                     (2.6) 
 
2.1.2 Effective Fields 
 
The total energy density of the ith  grain is: 
)()()()()( iextiexcimagianiitot rErErErErE +++=                         (2.7) 
The effective magnetic field on the ith  grain is defined as the differentiation of the 











                                               (2.8) 
Since the crystalline anisotropy field effectively acts like a local constraint of the 
magnetization orientation against the interaction fields and the external fields, it is natural 
to normalize the effective magnetic fields by the crystalline anisotropy field 









)(/               (2.9) 
where the last term kappa HHh /=  is the normalized external applied field. 
km HMh /= (cgs  units) is the magnetostatic interaction field constant, measuring the 
magnetostatic interaction strength relative to the crystalline anisotropy constraint, and the 
coefficient )/( 2* aKAh ue =  is the intergranular exchange coupling constant, measuring 
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the intergraunular exchange interaction strength relative to the crystalline anisotropy 
constraint. The symbol a  is the center-to-center distance between adjacent grains, and it 
is important to point out that eh  is inversely proportional to the square of the grain 
diameter for zero intergrunular boundary separation, so that a large grain diameter will 
yield a smaller intergranular exchange coupling constant with the same *A . 
 
2.1.3 Landau-Lifshitz-Gilbert Equation 
 
To study the dynamic process, the Landau-Lifschitz-Gilbert (LLG) equations are used: 






























γ                          (2.11) 
 
The first term expresses the gyromagnetic rotation with 117 sec1076.1 −−×≈ Oeγ . Lα  
and Gα  are damping constants to rotate the magnetization to the final equilibrium state. 
The precession schematics of LLG at one time step is shown in Fig.2.1. The rotation 
combined with the damped amplitude results in a spiraling trajectory of the magnetic 
moment with time. It is easy to show that the Gilbert equation and Landau-Lifschitz 








= . The difference 
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between the two equations is that, in the Gilbert equation, the gyromagnetic motion 




Fig.2.1 Precession schematics of LLG equation at one time step 
 









 )( LkL tHγτ =                      (2.12) 
For magnetization vector m
r
, three variables xm , ym , zm  are required and at each time 
step, m
r
 must be re-normalized to maintain a unit vector. LLG equation is a dissipative 
equation and the energy dissipation rate is proportional to Lα . In a static external field, 
the stable static solutions of LLG equation are local energy minima. It has been found 
that under an infinitely slowly changing external field, which is suitable to the simulation 
of hysteresis loop, calculated results are relatively insensitive to the change of the 
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reduced damping constant. For all the simulations performed in this work, Lα  is 
self-adjusted from 0.2 to 0.5 to maintain a certain convergent speed. The final 
equilibrium state is determined by a threshold of maximum rotation angle for all the 
grains in the array, which is set as 5105 −×  radian. 
 
2.2 Geometric Structure of Magnetic Grains 
As introduced above, in each grain, there are four effective magnetic fields which denote 
four different types of energy. Among those, the intergranular exchange field and 
magnetostatic interaction field are directly influenced by the grain size and grain 
arrangement. In this work, the uniform grain size media (SOMA media) and non-uniform 
grain size media (conventional media) are both studied by modeling. 
 
2.2.1 Uniform Grain Size 
 
The thin film, designed for either longitudinal or perpendicular recording, is considered 
as a monolayer of closely packed magnetic grains. For uniform grain size, the grain shape 
can be hexagonal or spherical and the array arrangement can be hexagonal or square. The 
important features of the uniform grain size media include the following: (1) Each grain 
has a fixed number (6 for hexagonal arrangement and 4 for square arrangement) of 
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nearest neighboring grains; (2) Intergranular boundary separation is uniform throughout 
the film; (3) Unity packing fraction can be obtained; (4) A fast-Fourier transformation 
method can be utilized for calculation of the long-range magnetostatic interactions. 
 
2.2.1.1 Hexagons in Hexagonal Arrangement 
 
As shown in Fig.2.2, D  is the grain diameter, d  is the intergranular boundary 
separation, and δ  is the grain height, which is also the film thickness. In a 
2-Dimentional view, the packing fraction is defined as the percentage of total grain area 











. As we know, the higher packing fraction, the more grains can be packed in 
a certain bit length, which is beneficial to the SNR level. The type of structure in Fig.2.2 
might achieve very high packing fraction around 80~90%. The center-to-center distance 
a  of adjacent grains is equal to Dd + . For traditional longitudinal media, δ / a  is in 
the range of 1~1.6, and for traditional perpendicular media, δ /a  is up to 3~5, due to the 




Fig.2.2 Illustration of 2-Dimentional array of hexagons on a hexagonal lattice 
 
In the modeling, each grain is labeled by its body center location, and the magnetostatic 
interaction from grain j  to grain i  is the integration of magnetic charge’s effects, from 
the grain j ’s surface, on the grain i ’s body center. Considering the magnetostatic 

















pi                           (2.13) 
 





 denotes the location of a different grain’s body center. )',','(' zyxr
r
 is an 
arbitrary point on the surface of the grain at origin. The grain is assumed uniformly 
magnetized and denoted as ( xM  yM  zM ). The formula above can be written in a 

























































































































































                                                                   (2.15) 
jS   is the surface of jth  grain, which includes six sides, one top and one bottom 
planes. Equally divide the grain volume into six parts in a 60-degree center angle step, we 
have 
( ) ( ) ( )








































































                                                                   (2.16) 
2.2.1.2 Spheres in Hexagonal Arrangement 
 
Another film modeling structure is shown in Fig.2.4. The grain shape is sphere and the 
lattice is still hexagonal. This type corresponds to one arrangement of SOMA media. The 
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main differences between this and the structure introduced above are (1) the different 
grain surface resulting different demagnetizing tensor; (2) the grain boundary d  is about 
1/2 of grain diameter D , resulting in very low packing fraction (~40%). 
 
Fig.2.4 Illustration of 2D array of spheres on a hexagonal lattice 
 





















































                                                                   (2.17) 
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)'(' rn  is the surface normal direction at 'r , denoted as ( αβ cossin  βcos  αβ sinsin ), 
where α , β ,γ  is the angle between 'r  and +X, +Y, +Z axes, respectively. Since it is a 
spherical surface, αγ sincos = . If the grain diameter is a , then αβ cossin' ax = , 
βcos' ay = , αβ sinsin' az =  , βαβ ddads sin2= .  
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If ij = , then ijN  turns into self-demagnetizing tensor ( selfN ) of the sphere. The 
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2.2.1.3 Spheres in Square Arrangement 
 
For SOMA media, another common film structure is spheres arranged in square lattice 
(Fig.2.6). The packing fraction (~35%) is further reduced with the same grain diameter 
and grain boundary as in hexagonal arrangement. The calculation method of 
demagnetizing tensor is the same as in Section 2.2.1.2, but the different grain 
arrangement will result in different N value. 
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Fig.2.6 Illustration of 2D array of spheres on a square lattice 
 
2.2.2 Non-uniform Grain Size 
 
Non-uniform grain size is the characteristic of conventional thin film media. It has been 
demonstrated that grain size distribution has a strong effect on thermal stability [20], 
noise level [21], [22], and intergranular interaction [23]. In this research, the modeling of 
non-uniform grain size media is based on the regular lattice introduced in Section 2.2.1.1, 
and followed with reasonable magnetic simplifications. 
 
2.2.2.1 Generate Grain Size Distribution 
 
Three kinds of distributions can be used to describe grain size distribution [17]: 
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The log-normal distribution allows only positive variable values. Moreover, it has been 
found that in thin film deposition, if the atoms diffuse or drift within a small but finite 
region, the time of growth of the nuclei before impingement can be accurately described 
by a log-normal distribution. This will cause the grain size distribution to be a log-normal 
one. Hence, many calculations of magnetic properties of the media use the log-normal 
grain size distribution. 
 
The model for irregular grain shapes is based on a hexagonal lattice structure in which a 
single grain is composed of one or more hexagons. One strategy is to limit a grain to 
include a single hexagon plus 0 to 6 of its nearest neighbors, and the grain size is chosen 
randomly from a log-normal area distribution with a given distribution width [25], 
another is to simulate interrupted grain growth during the media deposition process 
(pseudo-Voronoi grain shapes), which results in a size distribution function close to a 
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log-normal distribution. In the study, the second strategy is used in the modeling. 
 
Pseudo Voronoi grain shapes are created using an algorithm that is designed to mimic 
natural grain growth processes. If the number of desired grains on the modeling surface 
is gN , then gN  seeds are randomly placed on a magnetically “empty” hexagonal lattice. 
Next, a series of growth steps are executed until the empty lattice has been completely 
filled. A growth step occurs in the following manner. First, all the hexagons that make up 
the perimeter of a grain are located. Next, any of the nonmagnetic hexagons that neighbor 
perimeter grain becomes part of that grain. Each grain grows sequentially in the order in 
which its seed was placed on the hexagonal lattice. Due to the hexagonal lattice structure, 
a single grain will maintain a hexagonal shape until it encounters other grains. Fig.2.7 
shows three growth steps of two neighboring grains (grain A and grain B). Firstly the 
seeds are randomly placed on the hexagonal lattice at the positions marked A1 and B1. 
Secondly, growth occurs sequentially, grain A first followed by grain B. Two steps of the 
growth process are shown in Fig.2.7. For grain A these are marked as A2 and A3. For 
grain B these are marked as B2 and B3. Notice that both grains are able to grow without 
interruption through the second growth sequence. During the third growth sequence, 
however, grains A and B meet and growth stops at this interface. The shape of each grain 
after the third growth step is marked in a dark line. Succeeding growth steps would fill in 
the lattice. An example of Pseudo Voronoi grains is shown in Fig.2.8. The combination of 
randomly placed seeds and interrupted growth steps creates grains with irregular grain 
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shapes. The aggregate grains in the simulation area have a volume distribution function, 
which has a shape that is close to a log normal distribution as shown in Fig.2.9.  
 
Fig.2.7 Three growth steps for Pseudo Voronoi grain 
 
 




Fig.2.9 Pseudo Voronoi grains distribution from simulation 
 
After the grains are “grown”, the model is completed in the following way. Each hexagon 
in a grain is assigned identical magnetic parameters, i.e., SM , KH , 
*A , and #A  (to be 
described below). Between each hexagon within a grain, there is an intragranular 
exchange constant, #A , which is different from the grain-to-grain intergranular exchange 
constant, *A . The intragranular exchange is usually much larger than intergranular 
exchange constant so that the hexagons within the same grain rotate in a uniform manner 
and different grains behave in a nonuniform manner.  
 
2.2.2.2 Control Grain Size Distribution 
 
The distribution width DDσ  can be controlled through adjusting the initial random 
seed sites and the minimum nucleation distance (seed-to-seed distance). Based on a given 
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hexagonal lattice size and an averaged grain size D  (Hexagon No./Grain), Dσ  
decreases with increased minimum nucleation distance. While the minimum nucleation 
distance can not be too large, due to the limited lattice size in the simulation. Assuming 
that the hexagonal lattice size is 384192× , and the average grain size is 9.1 hexagons per 
grain. Fig.2.10 shows the standard grain size variation (normalized to average grain size) 
of different minimum nucleation distances (normalized to the hexagon-to-hexagon 
distance). This is the result of 10 repeated simulations at each nucleation distance and the 
readings are quite stable. The value around 30% is close to the present longitudinal 
magnetic media’s feature, so in the Chapter 3 the lattice size and minimum nucleation 
distance will be adjusted to reach this level. 
 
 
Fig.2.10  Effect of minimum nucleation distance on grain size distribution 
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2.3 Model of Writing and Reading Process 
2.3.1 Head Field Mapping in Recording Media 
 
In the simulation, head field is pre-calculated. The head field rise time is not considered 
and it assumes that at each moving step of the head, the media has been well magnetically 
written before the head moves to the next point. For both Karlqvist RH and SPH, the field 
map is 2-D at the center plane of media. When the media thickness and magnetic spacing 
are given, the perpendicular and longitudinal head fields can be calculated from 3-D 
Lindholm formula. During the recording process, the writing head is moving above the 
media surface at a step of 2 ~ 3 grain-diameter distance and the field is dynamically 
mapped to each grain in the media through calculation of the relative distance of the grain 
and the head center. Here the linear differentiating method is used to calculate the head 
field at the grain site. Based on the same head gap (RH) or main pole thickness, the smaller 
the average media grain size is, the smaller the head field mapping error will be resulted in. 
The recorded transition is realized by switching the sign of head field, mimicking the 
change of writing current direction. 
 
2.3.2 Remanent Magnetization Sensing in GMR Head 
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Since the weak field from the media can only slightly rotate the magnetization in the free 










=                              (2.22) 
where I  is the current, sqR  is the ohms/area in the device [26]. W  and h  are the 
width and the height of the free layer. The equilibrium magnetization eqθ  is usually 
biased to be zero. Based on the reciprocity principle and the linear signal analysis, the 
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Here, t  is the free layer thickness, δ  is the recording media thickness and d  is the 
magnetic spacing [26]. In addition, rM  is the media remanent magnetization, SM  is 
the saturation magnetization of the free layer. The efficiency E  expresses the average 






=                                                (2.24) 
where l is the characteristic length given by  
Ks HtGtMl /)( −= pi                                           (2.25) 
where G  is the shield-to-shield spacing. A very small h  leads to the largest E = 0.5. 
 
In longitudinal recording playback, for a perfectly centered element, the surface potential 

























yxLsφ                      (2.26) 

































































































φ                                                                   
                                                                   (2.27) 
 
Because the magnetization is assumed uniform along the medium thickness direction, the 
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If keep the media thickness δ  and media saturation magnetization mediaSM _  constant, 
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Due to effect of the soft underlayer, when using the reciprocity principle, one approach 
includes both the recording medium and the soft underlayer as the virtual medium. If the 
spacing between the soft underlayer and the recording medium is very small, 
approximately, the magnetization charges in the virtual medium only exist at the top 
surface of the recording medium. In this case, the virtual head only includes the GMR 
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1 φ          (2.34) 
Comparing (2.29) and (2.34), it is easy to see that differentiating )(
)( xV P  will get a 
longitudinal playback waveform, though the unit is changed. In reality, )(
)( xV P  is also 
usually passed into a differentiator before signal processing. This is because the curve 
shape of un-differentiated )(
)( xV P  follows the phase of media magnetization status. 
Comparing with the )(
)( xV L curve, in which a pulse corresponds to a magnetization 
transition, un-differentiated )(
)( xV P  is not convenient for signal detection. In the 
discussion of Chapter 5, the playback waveform is obtained from the differentiated 
)()( xV P . 
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Chapter 3  Grain Uniformity Improvement - An 
Effect Way to Break Superparamagnetism Limitation  
 
The recording areal density by conventional Longitudinal Magnetic Recording (LMR) 
had ever followed a 100% annual growth before it meets with the limitation of 
superparamagtism. As the grain size cannot be infinitely small, to maintain the required 
level of SNR at higher areal density, the focus has been put to the decrement of grain 
number per bit. This results in the trends to achieve uniform grain size, the better in-plane 
orientation and in-line orientation, the tighter 
HK
σ  and the weaker exchange coupling. 
Self Organized Magnetic Array (SOMA), as a promising candidate in future ultra-high 
density recording in 2/ inTbit  regime, has its great advantages regarding to the 
requirements of media nanostructure. To evaluate the recording performance of SOMA, a 
comparison between it and the conventional thin film media is carried out in this chapter. 
The parameters of grain size distribution, easy axes orientation, exchange coupling 
strength are adjusted in the simulation, and their influences on the recording performance 




3.1 System Parameters and Modeling 
3.1.1 System Parameters 
 
In the simulations, both media are based on hexagonal lattice. For conventional thin film 
media, the film thickness is 14 nm and the flying height is set to be 10 nm. Non-uniform 
grain size is generated by pseudo-Voronoi algorithm (Section 2.2.2), which is averaged in 
9 nm grain diameter, with ~30% of standard deviation and ~90% of packing ratio. Media 
parameters of ccemuM s /250=  and kOeH k 4.13=  are set for longitudinal recording 
at around 2/60 inGbit areal density. The above parameters result in the significantly 
reduced magnetostatic interaction strength ( 0187.0/ == ksm HMh ). The intra-granular 
exchange 15.0int_ =raeh  reaches a maximum exchange field of kH9.0  for the hexagon 
inside the grain. The inter-granular exchange 04.0int_ =ereh  is in a level of weak 
coupling. kH  amplitude of each hexagon is uniform, while kH  amplitude of each 
grain is proportional to the number of hexagons that each grain contains. 
 
For SOMA media, assuming the nanoparticle single layer is FePt-based, the particle size 
is 4 nm, which is equal to the layer thickness, and the interparticle distance is 2 nm. Other 
material parameters for the calculations are as follows: anisotropy energy density 
ccergKu /106.5
7×= , saturated media magnetization ccemuM S /1120= , effective 
exchange energy constant mJA /102.2~101.0 1111 −− ××=  [28]. Accordingly, 
 52 
normalized magnetostatic field 0112.0=mh , and normalized exchange field 
11.0~005.0=eh . Flying height decreases to 6 nm. kH  amplitude distribution is 
mathematically modeled with a standard deviation of 0.05 based on the Gaussian 
distribution. 
 
For both media, head field is calculated in the media central layer. Because the system 
parameters have been scaled with the grain size, the resulted head profiles of the two 
systems will achieve the same head gradient in the unit of grainDOe / .  
 
3.1.2 Modeling of Ring Head (RH) 
 
The ring head is used as the writer for both in-plane oriented conventional media and 
SOMA media. As described in Section 1.1.2, if the width of RH is infinite in cross-track 









































              (3.2) 
When considering the track width effect, the head width is finite. Dennis Lindholm has 
derived a closed form of field solution for 3-D head field by superposition of gapped 
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wedges with different angles [30], illustrated in Fig.3.1. The head with finite track width 
d  is obtained by cba −+ . 
  
        a. 2/3pi - wedge              b. 2/3pi - wedge rotated through 2/pi−                
about x-axis 
  
c. pi - wedge (Karlqvist Head)    d. ring head with finite track width 
 
Fig.3.1 Superposition of wedges to obtain finite-gap & finite-width head 
 
 
a. Head field in down-track direction ( xH )   b. Head field in cross-track direction ( zH ) 
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c. Head field in perpendicular direction ( yH ) 
Fig.3.2 3D Simulated Ring Head Field at y/g=0.6 
 
It is noted that, when y/g<0.5, the error of this superposition method increases. It is 
because in the subtraction of Fig.3.1.c, just the right values of potential are preserved on 
the surfaces where the excess material is removed, but there are slight discontinuities in 
the fields normal to these boundaries. This is equivalent to a small magnetic charge 
density in the y=0 plane for 2/gx >  and 2/wz >  but localized near the gap 
corners.  
 
Fig.3.3 Normalized xH  contour in down-track direction at y/g=0.25 
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In this simulation study, the track edge effect was not taken into account. The track width 
can be increased so that the error is tolerable at y/g=0.25. In Fig.3.3, it can be seen that 
xH  of the 2D Karlqvist head (infinite writer width) is quite similar to xH  along the 
track center from a 3D head modeling. 
 
3.1.3 Modeling of Single Pole Head (SPH) 
The single pole head is used as the writer for perpendicular oriented SOMA media. The 
field of it includes the effect from soft under layer in the media. 
 
3.1.3.1 Image Effect of Soft Under Layer (SUL) 
 
If a magnetic source is brought near to an infinitely flat permeable surface, an additional 
field arises from induced surface charges and the tangential component of H  vanishes 
at the interface. If only fields exterior to the permeable keeper are considered, the correct 
boundary condition occurs if the flat infinite keeper is thought be have a mirror image of 
the permanent external medium magnetization (as shown in Fig.3.4) 
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Fig.3.4 Magnetic Imaging 
 
In perpendicular magnetic recording system, the existence of SUL will physically force 
magnetic flux to flow through the recording layer perpendicularly, which would 
strengthen the head field and the field gradient. SUL as one part of recording head can be 
modeled through magnetic imaging of SPH in SUL (Fig.3.5). In the case with the ideal 
SUL, the boundary conditions at the SUL top surface are the same as those in the case 
with the mirror half space provided that the magnetic “charges” reverse their polarity 
when reflected into the mirror half space. SPH together with the image head, there are 
essentially two heads involved in each recording event, thus the net recording field 
becomes fairly large. 
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Fig.3.5 Diagram showing a mirror image of a perpendicular system with an ideal SUL   
 
3.1.3.2 Single Pole Head (SPH) Modeling 
 
Based on the magnetic image model, the 3-D head field of SPH can be calculated by the 
approximation to a “Karlqvist head” turned sideways [36]. The gap length of this 
equivalent “Karlqvist head” is equal to two times of Head-Keeper Spacing (HKS). Thus 
the 3D-Lindholm equations [30] can be used here, the same way as the RH field 
calculation, the only difference is that for SPH, the deep gap field is utilized to write the 
media, while for the RH, the part of fringe field is used. 
 
The grain pitch (grain-to-grain distance) is 6 nm , and the grain diameter is 4 nm . 
Flying height is 6 nm , media thickness is 4 nm , which results in the HKS equals to 10 
nm . Since the gradient of head field is not sensitive to the thickness of SPH, the 
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down-track length of SPH can be scaled down for the consideration of calculation time, 
which is assigned the value of 36 nm  in the simulation. In this study, the focus is on the 
on-track performance characterization. The track edge effect is not discussed. Therefore, 
the width of the main pole is flexible in this work. In Fig.3.6, the width of SPH is set as 
120 nm . The origin point of the head field is at the center point of SPH air-bearing 
surface, and the effective range of the head field is 96 nm × 96 nm  . The calculation 
step size can be adjusted, which determines the accuracy when mapping the head field 




     
Fig.3.6 Simulated 3D Single Pole Head field (Up: Perpendicular head field; Down left: 
Down-track head field; Down right: Across-track head field) 
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3.1.4 Calculation of Media SNR 
 
The recording performance is evaluated through Signal-to-Noise Ratio (SNR). The GMR 
playback waveform of the recorded pattern is generated by formula (2.28). In the 
modeling, transition noise is analyzed through a number of repeated simulations. Each 
simulation corresponds to a new arrangement of the grain easy-axis, mimicking recording 
at different locations of a medium, while the total arrangements follow a certain 
distribution, which can be denoted as the distribution of media anisotropy field. The 
angle and the amplitude of media anisotropy field are the two aspects to be evaluated in 
the distribution. Thus, the simulated transitions form an assembly, usually the 
number 50≥N , for statistical analysis of their properties. From the collection of 
waveforms, the noise can be calculated as (<> denotes the ensemble average): 
222 )()()( ><−>=<∆ xVxVxV                                    (3.3) 









                                             (3.4) 








=                                            (3.5) 
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>< peakV  is the average peak voltage. For isolated pulse, it is averaged on the assembly, 
for multi-bit, it is both averaged on the multi-pulse in one simulation and the assembly 
[31]. 
 
3.2 Grain Uniformity of Oriented Media and its Recording 
Performance 
 
3.2.1 Grain Uniformity of in-plane Oriented Media 
3.2.1.1 2D-Isotropic Media 
 
The orientation ratio (OR) is a parameter that quantifies the directional preferences of the 
magnetic properties of the recording media. The OR can be defined in a number of ways: 
as the ratio of the remanent magnetization ( rM ), or the remanent coercivity ( cH ), or the 
coercive squareness ( *S ) in the down-track direction to that in the cross-track direction. 
However, the fundamental property when considering preferred orientation is the 
direction of the magnetization vector, so here the OR is in terms of rM . 
 
2D-isotropic media is modeled by a random anisotropy axes distribution in the media 
plane. As shown in the Fig.3.7, the OR for the 2D-isotropic media remains 1, rM  of 
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conventional media is slightly larger than that of SOMA media while cH  is a bit 
smaller. Since SOMA medium is much thinner than conventional media, from the view 
of transition parameter, which is proportional to 
>< D
HM cr )/( δ (normalized to grain size), 
the recording performance for SOMA medium tends to be better. 
 
 
Fig.3.7 Hysteresis loop of 2D-isotropic media 
 
In the simulation, multi-bit is recorded with controlled bit length in the unit of grainD . 
Totally 50 repeated recordings for the calculation of media noise were carried out.  Read 
width of GMR head is varied to sense the magnetic transition pattern. The media is 




Fig.3.8 SNR level of different bit-length and read-width  
 
Fig.3.8 is the recording performance of in-plane isotropic conventional media and SOMA 
media, with varied bit-length and read-width. The bit-length changes from grainD10~4 . 
Because grainD  of conventional media is nm9 , while grainD  of SOMA media is 
nm6 (including the grain boundary distance), the corresponding linear density for 
conventional media is only 2/3 of that for SOMA media. As seen in the plot, an increase 
in bit-length and read-width would get a better recording performance (high SNR). A 
larger read-width results in a smaller noise due to the greater averaging effect on the 
magnetization along the cross-track direction. A larger bit-length results in larger signal 
as well as smaller noise due to the less transition percolation. To compare the isotropic 
conventional media and SOMA media in more details, Fig.3.9 and Fig.3.10 are the 
selected curves from Fig.3.8 when read-width and bit-length are fixed at grainD16  and 








Fig.3.10 SNR level of different read-width at fixed bit-length 
 
SOMA medium has shown a great advantage in the recording performance. Fixed at 
grainD16  read-width, SNR of SOMA media is around 2 dB higher than conventional 
media; Fixed at grainD4  bit-length, SOMA media still 1~2 dB better. From Fig.3.9 and 
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Fig.3.7, we can conclude that in a view of SNR vs. Grain no./bit, SOMA media will 
definitely outperform conventional media.  
 
Comparing the above two isotropic media, SOMA medium has a uniform grain size, 
smaller exchange coupling and magnetostatic interaction ( 02.0=eh , 0112.0=mh ), 
while conventional media has a non-uniform grain size distribution ( %30≈Vσ ) , with a 
larger value of 04.0=eh and 0187.0=mh . Though it is well known that for 
longitudinal recording, SNR is decreased with increasing exchange coupling [31], the 
value of 04.0=eh  is roughly equal to the current achievable low coupling strength. But 
in simulation, we can set this value to 0.02, the same as that of SOMA media, to see 
whether the improvement can exceed the SOMA media recording performance or not. 
From Fig.3.11 it can be seen that the SNR of conventional media with 02.0=eh  is still 
lower than that of SOMA media, though it is apparently higher than that of conventional 




Fig.3.11 Conventional Media with different he  comparing with SOMA media 
 
In [31], it is concluded that for 2D-isotropic media, a size distribution reduces the 
negative effects of intergranular exchange coupling and magnetostatic interactions, and 
only when there is no exchange coupling that the SNR of uniform grain size media is 
higher than non-uniform type. (The increasing magnetostatic and exchange interaction 
tends to align neighboring magnetizations parallel to each other in the down-track 
direction, leading to a larger “zig-zag” transition thus a slightly larger transition 
parameter, and also a slightly larger DC down-track correlation length. However, the 
increase of transition parameter and correlation length is less pronounced for the media 
with a grain size distribution. [31]) In Fig.3.12, a case of uniform grain size conventional 
media with 02.0=eh  was illustrated. Its recording performance is worse than 
conventional media with %30≈Vσ  at the same eh  value (consistent with the results 
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in [31]), which is certainly worse than SOMA media performance. Here mh  value of 
SOMA media is still smaller than conventional media, and this is one of the direct 
benefits from the ultra-high anisotropy field of SOMA grain ( ksm HMh /= ). As a result, 
the demagnetization field is weaker in SOMA media, which is good for the stability of 
the grain’s magnetization.  
 
Fig.3.12 Conventional Media with different grain size distribution comparing with 
SOMA media 
 
3.2.1.2 Longitudinal Oriented Media 
 
To achieve higher recording areal density, the introducing of OR to the media is an 
efficient way. This is because highly oriented media is thermally stable ([32],[33]), and 
has a smaller transition length with lower noise ([34]). In the modeling, OR of the media 
can be varied by controlling the anisotropy axes distribution. The angle distribution of 
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easy axis is assumed to follow a Gaussian distribution, which is centered along the 
down-track direction. 
 
Hysteresis loop of SOMA media and conventional media with the kH  angle standard 
deviation of 
030  has been shown in Fig.3.13. Here, the magnetic properties of media 
are the same as described in Section 3.1.1.  
 
 
Fig.3.13 Hysteresis loop of the media with 030=∠Hkσ  
 
With the same Hk∠σ  value, it can be seen that the OR of SOMA media is much larger 
than that of conventional thin film media. Since the rM  value in x and z direction is 
simultaneously increases with stronger exchange coupling, the difference of eh  value in 
these two media would not have much influence on OR level. As such, the characteristic 
of non-uniform grain size of conventional media might be the main reason for the OR 
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difference. In Fig.3.14, two types of conventional media have been simulated, one 
consists of uniform grains with 030=∠Hkσ  and the other consists of non-uniform grains 
( %30≈Vσ ) with 
017=∠Hkσ . Comparing with Fig.3.13, with the same Hk∠σ  of 
conventional media, a uniform grain size distribution will achieve much higher OR (~1.9), 
which is comparable with that of SOMA media. If maintain the non-uniform grain size 
feature, the standard deviation of kH  angle should be decreased to 
017  to reach a 
same OR level as SOMA media. 
 
 
Fig.3.14 Hysteresis loop of conventional media with different grain configurations 
 
Same as the simulation of 2D-isotropic media, SNR of multi-bit recording at bit length of 




Fig.3.15  Oriented SOMA media vs. oriented conventional media (C.M) 
 
First of all, the performance of longitudinal oriented SOMA media is better than all 
conventional media with varied grain structure configurations, and comparing with 
Fig.3.12, it is around 4dB higher than 2D-isotropic SOMA media. This is why to get 
oriented SOMA media is so important.  
 
While further comparing the SNR curves of conventional media in Fig.3.15 and Fig.3.12, 
it is noticed that with the same values of other parameters, SNR of uniform grain size 
media is much larger than the non-uniform grain size media for oriented conventional 
media, but for 2D-isotropic conventional media, the comparing result is opposite. From 
this point, the influence of grain size distribution can not only be evaluated from the point 
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of reducing the exchange coupling effect as described in [31], its another effect of grain 
boundary induced transition curve fluctuation should also be taken into account. 
 
 
Fig.3.16  Recorded transition pattern of oriented conventional media (left: irregular 
grain size; right: regular grain size) 
 
Fig.3.16 shows the recorded transition pattern of oriented conventional media. The 
transition curvature has followed the varied grain boundary along the cross-track 
direction for irregular grain size media, while the transition curve of regular grain size 
media is almost straight, only detoured on some grain site, which should be due to the 
existed local kH  and cH  distribution. As we know, the transition noise is related with 
many factors, such as the exchange coupling strength, the anisotropy field distribution 
and also the grain size distribution. For a good oriented media, the noise from kH  
distribution is relative small, the grain size distribution would strongly correlate the 
transition curve with the grain boundary variation along the cross-track. As a result, an 
irregular grain size distribution will detour the transition curve significantly, though 
meanwhile it reduces the exchange coupling strength. From the simulated results shown 
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above, the positive aspect of irregular grain size distribution ( eh  reduction) can not 
compensate for the negative aspect (transition curve fluctuation), and the overall 
recording performance is poor.  
 
 
Fig.3.17  Recorded transition pattern of 2D-isotropic conventional media (left: 
irregular grain size; right: regular grain size) 
 
Fig.3.17 is the recorded transition pattern of 2D-isotropic conventional media. Because of 
the randomness of kH  angle, even for the uniform grain size media, the transition curve 
has fluctuated largely along the cross-track direction. The introduction of irregular grain 
size distribution does not detour the curvature much more, while its positive effect of 
exchange coupling reduction has played a relatively larger role. As a result, the SNR of 
irregular grain size media is slightly larger than that of uniform grain size media, which is 
shown in Fig.3.12. 
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3.2.2 Prospect of Perpendicular Oriented SOMA Media 
The discuss in Section 3.2.1 has already shown that the recording performance of 
longitudinal oriented SOMA media is much better than conventional media, which is 
mainly due to its uniformity of grain size. For the same SOMA media but with 
perpendicular orientation, its recording performance is expected even better. Because 
SPH has a higher writing capacity than RH, and the easy axis of grains can align more 
uniformly in perpendicular direction if there is a way to generate perpendicular 
orientation in SOMA media. 
 
 
Fig.3.18  Hysteresis loop of longitudinal and perpendicular oriented SOMA media 
 
Fig.3.18 shows the hysteresis loop of longitudinal and perpendicular oriented SOMA 
media. The parameters of eh , mh , Hkσ  are the same, only the Hk∠σ  is 
030  for 
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longitudinal SOMA and 
015  for perpendicular SOMA. It is clear that the loop 






 for perpendicular SOMA is around 92% of the value for longitudinal SOMA. 
This indicates that the transition length of perpendicular recording will be smaller, and 
thus the recording performance will be better. The further simulation study on 




The grain features of the thin film media, such as grain size distribution, easy axes 
orientation and intergranular exchange coupling, are all critical to the recording 
performance. For 2D-isotropic media, certain grain size distribution decreases the 
exchange coupling strength, and thus increases the SNR level. But for longitudinal 
oriented media, non-uniform grain boundary largely detours the transition curvature, and 
the transition noise is greatly increased. The current thin film media normally has a grain 
size distribution of %3020 −≈Vσ . With this limitation, putting the effort on the 
magnetic decoupling of grain and longitudinally aligning easy axes can also compensate 
the non-uniformity of grain shape. As shown in Fig.3.19, when eh  decreases from 0.04 
 74 
to 0.02, and OR increases from 1.1 to 2.1, the recording performance of non-uniform 
grain size media with %30≈Vσ  is similar to the uniform type.  
 
Fig.3.19  Uniform and non-uniform thin film media 
 
The traditional media manufacturing method that based on the sputtering technology has 
its own limitation to achieve the recording media with low exchange coupling, well 
in-line orientation and good grain size uniformity. Comparing with the conventional 
media, the grain size distribution of SOMA media is very small. Besides, the 
intergranular interaction (including the exchange coupling and magnetostatic interaction) 




Comparing the results in Fig.3.12 and Fig.3.15, the SOMA medium with in-line 
orientation has much higher SNR level than that with in-plane orientation only. The 
orientation uniformity of SOMA media is also a key to achieve high SNR with reduced 
grain number per bit. Further increment of recording density can be realized in 
perpendicular oriented SOMA media. 
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Chapter 4  Recording Performance of 3D-random 
SOMA Media 
 
In the previous chapter, SOMA medium with in-plane oriented anisotropy field has been 
studied. Since the grain shape of SOMA media is spherical, the grain’s easy axis is 
3D-random in nature, and this has been one of the pronounced challenges for the 
fabrication of SOMA media. In this chapter, the simulations are based on the 3D-random 
Hk  distribution model. The recording performances under different writing heads – 
Ring Head (RH) and Single Pole Head (SPH), are investigated. 
 
4.1 Modeling of 3D-Random Easy Axis  
 
To make it simple, it is assumed that the magnitude of kH  is uniform for all the grains 
and only the easy axis is 3D-random. One way to model the 3D-random characteristic is 
to randomize two variables: in-plane angle respected to x+  axis (down-track direction) 
- θ  (0 to pi2 ) and out-plane angle respected to y+  axis (perpendicular direction) - 
ϕ  (0 to pi ). Another way is to randomize three variables: down-track direction 
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component kxH , cross-track direction component kzH  and perpendicular component 
kyH , all from -1 to +1 and the final values are normalized to 
222
kzkykx HHH ++ .  
 
One of the characteristics of 3D-random easy axis media is that the orientation ratio in 
any two directions always remains to 1 and the hysteresis loop along any direction is in 
the same shape. The shape of the loop is only changed by eh  and mh  values. Fig.4.1 




Fig.4.1 Hysteresis Loops of 3D random SOMA media in x (left) and y (right) direction 
 
As expected, the loop shapes in any two directions are exactly identical for the same 
media. Here mh  is fixed to 0.0112. When 02.0=eh , the coercivity field kc HH 47.0= , 
and for 05.0=eh , kc HH 43.0= . 
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4.2 Ring-Head (RH) Recording 
4.2.1 Recorded Transition Pattern 
 
3D-random SOMA medium is recorded by a Karlqvist RH (same as in Chapter 3) with 
y/g=0.25 in the simulation. Fig.4.2 shows the head fields in down-track and 
perpendicular directions at the central layer of the media. Both field values are 
normalized by the peak value of xH . The absolute field strength is controlled by extH , 
which is normalzed by the average anisotropy field >< kH . The variable extH  
determines the external applied head field strength. It is a weighing coefficient as the 
adjustable write current in the realistic recording system. By the definition here, the 
maximum available head field in down-track direction for RH is >< kH0.1  at 
0.1=extH . Since the study in this chapter is focused on the effect of head field strength 
in the media layer, the head efficiency and other magnetic phenomenon related to write 
current magnitude are not considered. The real head field in the simulation is the field 




Fig.4.2 Karlqvist head field in down-track and perpendicular direction at 0.1=extH  
 
As the intrinsic attributes of RH, xH  reaches its peak value at the gap center, and yH  
has two opposite peaks at the edges of write gap. The absolute peak values changes with 
extH , but the relative ratio will remain the same. Here, the positive xH  is in down-track 
direction and the positive yH  is perpendicularly towards media plane. As a result, at the 
trailing edge xH  and yH  are always with the same sign. Fig.4.3 illustrates the 
remenant magnetization map of multi-bit recording by the ring head field in Fig.4.2. 
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Fig.4.3 Remenant magnetization map of multi-bit recording at 0.1=extH , 02.0=eh ;  
xM  and yM curves averaged along cross-track direction 
 
Since it is a Karlqvist head that head field in cross-track direction is neglectable, the 
remenant magnetization zM  remains a random status as shown in the Fig.4.3. While in 
the down-track and perpendicular direction, transition pattern has been recorded 
coincidently, with the strength of yM  stronger than that of xM . Traditionally, the 
perpendicular field is not optimized in a designed longitudinal recording system. This 
simulation result directly attributes to the characteristics of RH field and the 3D-random 
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kH  of the media. As shown in the hysteresis loop of 02.0=eh  media (Fig.4.1), cH  is 
about kH47.0  in all directions. While the RH field of 0.1=extH  indicates that in 
perpendicular direction the peak value of kH65.0  is large enough to write the media. 
Though there are two opposite peaks in yH  profile, only the one at trailing edge is 
really accounted in recording. Since the latter yH  peak exists after xH  peak and at the 
trailing edge yH  level drops slower than xH  (Fig.4.2), the grain’s final magnetization 
is dominantly controlled by yH  head field component. If the RH records on a 
longitudinal oriented media, the grain won’t be influenced much even though a large yH  
component exists, because the grain’s easy axis mainly lies in plane of the media and it is 
not easily switched out of plane. As such, the 3D-random kH  of the media is another 
reason for this phenomenon. It is also easy to understand that the larger external applied 
field strength will benefit the recording in perpendicular direction, when extH  is 
increased to some extents, longitudinal transition pattern can be almost “over-written” by 
yH  field. 
 
Because the absolute peak value of xH  and yH  can be changed by extH , if 
decreasing the applied field strength so that the media coercivity is between the 
perpendicular and longitudinal peak values, then perpendicular component of head field 
is not strong enough to switch the grain’s magnetization direction. As a result, the 
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transition pattern would mainly exist in longitudinal direction. Fig.4.4 is the simulation 
result when 6.0=extH . 
       
 
Fig.4.4 Remenant magnetization map of multi-bit recording @ 6.0=Hext , 02.0=eh  
 
The smaller applied field writes apparently better longitudinal transition pattern. This is 
due to the weaker disturbance from perpendicular component of head field. Of course the 
external applied field strength can not be decreased below the coercivity of media for its 
 83 
own writability in longitudinal direction. So there will be a proper applied field strength 
for the best longitudinal transition pattern. 
 
Another parameter that influences the transition pattern in the two directions is media’s 
exchange coupling strength. The coercivity field decreases with increasing exchange 
coupling (Fig.4.1), which is identical in down-track and perpendicular directions. The 
smaller it is, the easier for grain’s magnetization switching. Since perpendicular writing 
bubble lags to that of longitudinal one (Fig.4.5), with the same head field, the smaller 
cH  corresponds to more delay of yH  to xH  during the writing, which results in the 
grain magnetization laying more in perpendicular direction rather in longitudinal 
direction. The simulation result in Fig.4.6 illustrates this phenomenon. 
 
Fig.4.5 Writing bubble of different coercivity strengths 
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Fig.4.6 Magnetization performance of media with different exchange coupling 
( 02.0=eh  and 05.0=eh  )  at 7.0=extH  
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4.2.2 Recording Performance Evaluation 
 
The recorded transition pattern depends on the strength of external applied field as 
discussed above. How the external field influences the recording performance in terms of 
SNR value will be evaluated in this section. It is known that GMR head senses the 
magnetostatic field (normal to the media plane) from the recorded transition pattern. The 
GMR output of a longitudinal transition pattern follows a rule that a pulse corresponds to 
a magnetization transition, while the GMR output of a perpendicular transition pattern is 
almost in a same phase of the media magnetization. Usually in practice, the GMR output 
of the perpendicular pattern will be differentiated before signal processing (refer to 
Section 2.3.2). This will get a similar signal-magnetization matching as the longitudinal 
pattern. Unlike oriented media, in which the signal and noise mainly come from 
magnetization distribution in easy axis orientation direction, 3D-random SOMA media 
will contribute GMR output with its co-existed longitudinal and perpendicular transition 
pattern. Theoretically, the magnetization in cross-track direction might also influence 
GMR sensing. While since it assumes the writing head is wide enough comparing to the 
simulated media width, the effect of cross-track magnetization component only results in 
an additional noise. For convenience, this part is not taken into account neither for RH 
nor SPH recording performance evaluation. So in the calculation here, the GMR sensed 
magnetostatic field includes one part induced by the magnetization component in 
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down-track direction – xM , and the second part from perpendicular magnetization 
component – yM .  Fig.4.7 shows the readback signal of GMR head, where the 
magnetization pattern was written at 8.0=extH . The solid curve is the superposition of 
the dashed curve and the dotted curve and is the actual read-back signal. In this case, the 
strength of head field is comparably large and the reproduced signal from 
longitudinal-magnetized pattern is much smaller than that from perpendicular-magnetized 
pattern. 
 
Fig.4.7 GMR output and its components 
 
In Fig. 4.8, the external applied field strength is increased from 0.4 to 1.3 with 0.1 
interval (corresponding to the peak value of xH  roughly equals to cc HH 3~ ), and read 
back pulse of GMR head changes from longitudinal shape dominated to perpendicular 
dominated. When applied field strength is as small as 0.5, the peak value of perpendicular 
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component of head field is only around 0.325 kH  and is not strong enough to affect the 
media ( 02.0=eh ) with cH  of 0.47 kH . The longitudinal peak is of 0.5 kH , which is 
also weak comparing with the coercivity. This is why the GMR output pulse is in a shape 
of longitudinal-magnetized transition type but with smaller amplitude. As the head field 
becomes stronger, the perpendicular magnetization pattern appears and turns into a 
dominant magnetization type. As a result, the GMR output pulse shows a perpendicular 
type but modulated by a reducing longitudinal component. 
 
Fig.4.8 GMR output of different external applied fields 
 
To evaluate the recording performance, the SNR of GMR output is calculated from 
totally 50 repeated simulations of a square-wave recording at the bit-length of 20-grain 
with the certain applied head field. The medium is modeled by the uniform spheres 
arranged in a 10836×  hexagonal lattice. The 3D-random distributed kH  is 
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regenerated for each simulation, mimicking recording at different locations of a medium. 
Based on the same media with the same kH  distribution, the square-wave is recorded 
under different external applied fields, increased from 0.4 to 1.3. For the convenience of 
output pulse detection, the read-back pulses with perpendicular component dominated 
(Fig.4.8) are differentiated into Lorentzian pulse shape. While for the longitudinal 
dominated pulses, they are directly used for the evaluation. The signal and noise 
calculation method is the same as in Section 3.1.4.  
 
The statistically calculated SNR curve of repeated simulations are plotted in Fig.4.9, the 
sole perpendicular and longitudinal SNR are also calculated for the analysis. Longitudinal 
SNR reaches to its peak value at 5.0=extH  and decreases with increased head field. 
Perpendicular SNR is of a negative value at head field strength of 4.0=extH , which 
denotes no recorded pattern, and it monotonously increases with stronger head field. 
Since the total SNR of GMR output is the superposition of  above two components, at 
any particular head field strength, it won’t surpass the larger SNR value of the two 
components, because the smaller-SNR component always drags down the larger SNR. 
When head field further increases, the effect of longitudinal component only accounts for 
noise and the system turns like perpendicular recording by RH. The system SNR will be 
saturated and won’t be higher than 21 dB even at 0.2=extH  
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Fig.4.9 SNR of RH recording at different external applied fields 
 
4.3 Single-Pole-Head (SPH) Recording 
4.3.1 Recorded Transition Pattern 
 
Modeling of SPH has been described in Section 3.1.3. Here, Fig.4.10 shows the 
distribution of head field in both down-track (x) and perpendicular (y) directions at the 
central layer of the media. The SPH thickness and its effective range in down-track 
direction is the same as RH in Section 4.2, and the head width is large enough to ignore 
track edge effect.  
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Fig.4.10  Single pole head field in down-track and perpendicular directions with 
0.1=extH  
 
By the definition, when head field strength coefficient 0.1=extH , at the media area right 
below the pole tip, the head field is saturated in perpendicular direction with the value of 
>< kH0.1 . Seen from Fig.4.10, longitudinal head component xH  is zero under the 
pole tip, but reaches to two small opposite peaks at trailing and leading edges of SPH 
respectively, which is similar to yH distribution of RH. There are two different points 
worthy to mention comparing with RH: the first, in the RH field distribution, xH  and 
yH peak values are much comparable with each other - the smaller one ( yH ) is around 
65% of the larger one ( xH ), but in SPH field distribution, xH  and yH peak values are 
in a great discrepancy - the smaller one ( xH ) is only 12% of the larger one ( yH ); the 
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second, at the trailing edge, xH  and yH are in the same sign for RH, but different for 
SPH. 
 
    
 
Fig.4.11  Remenant magnetization map of multi-bit recording at 7.0=extH , 02.0=eh ;  
xM  and yM curves averaged along cross-track direction 
 
Due to the SPH head field difference from RH, Fig.4.11 shows that the transition pattern 
only exists in the perpendicular magnetization direction. Even with a strong head field 
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strength of 0.2=extH , the peak value of xH  is only around 0.24 kH , which is far less 
than the cH  of the media. As such, the random status of recorded xM  only increases 
the media noise, resulting in a degradation of SNR level. 
 
4.3.2 Recording Performance Evaluation 
The statistic calculation of SNR for the recording performance of SPH writing is the 
same as that of RH recording. Only perpendicular component SNR has been calculated 
for comparison. From Fig.4.12, it is clear that the influence of longitudinal component 
magnetization in the media decreases the system SNR level about 3 dB. Except at the 
very low head field strength, the GMR output SNR is not affected much by the increasing 
extH  value. 
 
Fig.4.12  SNR of SPH recording at different external applied fields 
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4.4 Comparison of RH and SPH Recording  
 
When recorded by RH, the transition pattern can be both longitudinal type and 
perpendicular type. When the external applied head field strength is low, the longitudinal 
type transition pattern is in dominant place. With the increased head field, the transition 
pattern turns towards perpendicular direction. Comparing with RH, the SPH recorded 
pattern only lies in the perpendicular magnetization and the magnetization in other 
directions account for an increase of media noise. Fig.4.13 has drawn the SNR curves at 
different head field strength of these two writing heads. extH  denotes the maximum 
head field strength at the central layer of media, for RH, this peak is in longitudinal 
direction, but for SPH, it is in perpendicular direction. Clearly, the performance of 
SPH-system is better than that of RH-system. Not only the SNR of SPH-system is 
independent on extH  when extH  is larger than media cH , but also it is still about 2 dB 
higher than that of RH-system at the large extH  range. 
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Fig.4.13  SNR of RH and SPH recorded multi-bits 
 
4.5 Summary 
Spherical-grain shape SOMA media with 3D-random kH  distribution can be recorded 
by RH or SPH. The media grain’s magnetization direction can be longitudinal or 
perpendicular, depending on the writing head type and the external applied field strength. 
The SNR level of SPH recorded media is higher than that of RH recorded media. SPH is 
preferred by 3D random SOMA media. 
 
Since Chapter 3 has studied the longitudinal oriented SOMA media, comparing the 
SOMA SNR curve in Fig.3.12 and Fig.4.13, the SNR level for longitudinal SOMA media 
is around 26~28 dB (bit-length= grainD8 ), while the SNR level of 3D-random SOMA 
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media is only around 22~23 dB (SPH recording, bit-length= grainD20 ). The 3D random 
SOMA media have much worse recording performance than the SOMA media with 
selected orientation. 
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Chapter 5  Bit-Array Alignment Effect of Oriented 
SOMA Media 
The current fabrication process can only achieve 3D-random kH  SOMA media. 
3D-random SOMA medium is not preferred by recording system and the fabrication of 
other types of oriented SOMA media are under exploration with great effort. The 
characteristic of 3D-random kH  distribution was studied in Chapter 4. In this chapter, 
perpendicular anisotropy orientation SOMA media are investigated. Its recording 
performance is studied through SNR level of isolated transition. A novel phenomenon 
named bit-array alignment effect is found through simulation. This phenomenon is 
further investigated with different perpendicular easy-axis distribution and exchange 
coupling strength. 
 
5.1 Bit-Array Alignment Modeling 
The head field is calculated from single pole head (SPH) combined with the image effect 
from soft underlayer (SUL) (refer to Section 3.1.3). The media model adopts structure of 
spheres in square arrangement (refer to Section 2.2.1.3). Assume the nanoparticle single 
layer is FePt-based, the particle size is 4 nm, which is equal to the thickness of media 
layer, and the interparticle distance is 2 nm. Other material parameters for the 
calculations are as follows: anisotropy energy density ccergKu /106.5
7×= , saturated 
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media magnetization ccemuM S /1120= , effective exchange energy constant 
mJA /102.2~101.0 1111 −− ××=  [35]. Accordingly, normalized magnetostatic field 
0112.0=mh , and normalized exchange field 11.0~005.0=eh . 
 
Due to circular track and skew angle effect, it is very hard to get perfect bit array 
alignment even if one can get long range ordered SOMA media. The so-called bit-array 
alignment is depicted by the SPH leading (trailing) edge direction respected to the axis 
direction in the media coordinates. No matter it is square lattice or hexagonal lattice, the 
x-axis in media coordinates denotes the down-track direction and the z-axis is the 
across-track direction. While for square lattice, the range of 0 to 45 degree illustrates the 
whole possible alignments and the range of 0 to 30 degree for hexagonal lattice as shown 
in Fig.5.2. Fig.5.1 shows 0-degree and 10-degree alignment cases based on a square 








   
Fig.5.1 Perpendicular magnetization mappings of   tri-bit recording with different 
head-media alignments (upper:0-degree; bottom: 10-degree) 
 
One phenomenon that will be taken into account in the following study is the exact 
recorded transition location comparing with the grain location at a given bit-array 
alignment. For example, based on a square lattice, when the bit-array alignment is perfect 
(0-degree), the real transition might be recorded exactly along a column of grains (at the 
grain site), or in the middle of two neighboring columns (at the grain boundary). By 
definition, the grain site is denoted as 0=x  and the two grain boundaries are denoted as 
5.0±=x  respectively. (Fig.5.2) 
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Fig.5.2 Transition location definition in the grain array (left: square lattice; right: 
hexagonal lattice) 
 
Both bit-array alignment and transition location have certain effects on the signal strength. 
Comparing the simulated results in Fig.5.3, the signal strength of isolated pulse in a 
square lattice SOMA media varies with the transition locations at different bit-array 
alignment. Clearly, the 0-degree alignment signal at 5.0=x  is the largest, while it 
decreases to the smallest at 0=x . 
 
 
Fig.5.3 Signal strength varies with bit-array alignment and transition location 
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 00  030  
045  
5.0=x  0.1914 0.1618 0.1569 
0=x  0.1347 0.1599 0.1608 
Table 5.1 Peak value of isolated pulse shown in Fig. 5.3 
 
When a square wave (all “1” data) pattern is recorded, if the bit length is not integer 
number of the grain pitch, the transition location of neighboring bit will have a relative 
shift referring to the grain array, resulting in signal strength fluctuation. Fig.5.4 is the 
simulation results of the recording at two bit-array alignments, with a same bit length of 
2.8 grain pitches. It is clear that, the signal strength of 0-degree alignment case has a 
much larger fluctuation than that of 30-degree alignment case. In Section 5.2, this 
bit-array alignment effect will be studied in details through the calculation of SNR level. 
 
Fig.5.4 Square wave recording performances of different bit-array alignment cases 
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5.2 Bit-Array Alignment Effect on Signal Strength and SNR 
 
Isolated transition is perpendicularly written in a square 3232×  lattice. 0112.0=mh  
and 05.0=eh .The bit-array alignments of 45,30,10 and 0 degree are investigated. In 
each alignment case, the head-field-reversing site is shifted to simulate the variable 
magnetically defined bit position when SOMA serves as the conventional granular media. 
Signal and noise are calculated from 100 repeated recordings, each with a regenerated 
perpendicular anisotropy distribution. This calculation is conducted at specific bit-array 
alignment and head-field-reversing site. 
 
a) Signal power 
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b) Noise power 
 
c) SNR 
Fig.5.5 Signal and noise (SNR) fluctuations of different bit-array alignments in 
perpendicularly oriented SOMA media 
  
Fig.5.5 shows signal and noise fluctuations versus the transition center position referring 
to particle site. Here, the 0 value of transition position means the transition center of bit is 
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recorded at the center of particle site. The 0.5 value of transition position corresponds to 
the transition center at the center of two particles (grain boundary). For 0-degree 
alignment, the coincidence of signal minimum and noise maximum corresponds to the 
situation that transition center is located at the grain site (Fig.5.6); the coincidence of 
signal maximum and noise minimum corresponds to the situation that transition center is 
located at the grain boundary (Fig.5.7). 
 
When the transition center is written at the grain site, the transition length tends to occupy 
2-grain pitches resulting in long transition length and small signal strength. Meanwhile, at 
the transition center, though the average perpendicular magnetization is zero, there is a 
large magnetization fluctuation in the grains along the cross track direction due to the 
distribution of kH  and cH  in those individual grains. As a result, there is a big 
transition noise. For the transition written at the grain boundary, the transition length is 
restricted inside 1-grain pitch, and the grains on each side of the boundary are saturation 
magnetized in opposite direction, which contributes to large signal and small noise. For 
45-degree alignment, there are similar phenomena, but the amplitudes of fluctuation 
become smaller, and the fluctuation frequency is two times of 0-alignment case, which is 
due to the array periodical characteristics in 0 and 45 degree directions. For other degree 




Fig.5.6 Transition center locates at grain site (0-degree) 
 
 
Fig.5.7 Transition center locates at grain boundary (0-degree) 
 
From the simulation and discussion above, it shows that the maximum SNR can be 
achieved if bit and array is in 0-degree alignment and if the transition center is well in the 
center of the grain boundary. Actually this is just an ideal case for the recording system. 
Because firstly, 0-degree alignment is difficult to be maintained at every location of a 
circular disk even not considering the skew angle; secondly, the transition center site is 
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not easy to controlled, because it depends on the head field reversal timing, the head field 
gradient, the media coercivity, and the fluctuation of the flying height as well as media 
kH  distribution. As a result, the minimum-SNR case in Fig.5.5, which also happens in 
0-degree alignment, has to be considered when evaluating the system recording 
performance. The “misalignment” of bit and array (the case other than 0-degree 
alignment) has no regular grain alignment to assist a clear transition boundary. But the 
output signal and the noise of the “misalignment” cases stay in the fluctuation range of 
that at 0-degree alignment. Therefore, the demand to achieve long-range order SOMA 
media in a view of bit-array alignment in conventional granular recording is relaxed. 
Other media parameters such as easy axis uniformity, exchange coupling and 
magnetostatic interaction will be examined in the following sections, in terms of their 
influences in the bit-array alignment effect.  
 
5.3 Bit-Array Alignment Effect of Different Easy-Axis 
Distributions 
 
Considering the source of noise for the isolated transition, the uniformity of grains, in 
terms of the amplitude and angle distribution of anisotropy field, is very critical for 
SOMA media to achieve higher recording density.  In the modeling, easy-axis 
distribution can be controlled by adjusting the deviation σ  of the angle and amplitude. 
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As in 5.2 simulation, the σ  of angle is 5-degree centered along the perpendicular 
direction, and the σ  of amplitude is 0.1 centered on normalized value 1. Both the angle 
and amplitude of kH  are in Gaussian distribution. In this section, different easy-axis 
distributed SOMA media are studied in terms of bit-array alignment effect. 
 
Fig.5.8  Hysteresis loops of different kH  angle distributed media 
 
 
Fig.5.9  Hysteresis loops of different kH  amplitude distributed media 
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Fig.5.8 shows kH -angle dependent hysteresis characteristic at 0112.0=mh , 05.0=eh , 
and 10.0=
Hk
σ . It is noticed that the coercivity ( cH ) decreases with the increased 
standard deviation of the angle distribution. The squareness ( sr MM / ) has the same 
trend, but maintaining in a relative large value. In Fig.5.9, the effect of kH  amplitude 
distribution is shown. Based on the same value of 
05=∠Hkσ , the M-H slope of 
20.0=
Hk
σ  case is clearly smaller than that of 05.0=Hkσ  case. From the hysteresis 
characteristic, it can be seen that the uniformity of grains not only affects the noise, but 
also the signal strength because the transition parameter is related to the slope of 
hysteresis loop. The detail data are listed in the Table 5.2. 
 
Hk∠σ  Hkσ  )(/ KC HH  )/(* MsMrS  
01  10.0  92.0  1≈  
015  10.0  70.0  98.0  
0
30  10.0  60.0  92.0  
05  05.0  84.0  1≈  
05  10.0  83.0  1≈  
05  20.0  81.0  1≈  
Table 5.2 Characteristic parameters of hysteresis loop for different anisotropy field 
distribution media 
 
Fig.5.10 shows the recording performance of the media with a fixed 05=σ  of kH  
angle distribution, but varied kH  amplitude distribution, σ =0.05, 0.10, 0.20. 
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Comparing the three SNR curves of 0-degree alignment, the lowest level has not differed 
much, but the peak level significantly increases with the narrower kH  amplitude 
distribution. Table 5.3 shows that the SNR fluctuation range of 0-degree alignment 
significantly increases with the decreasing of HKσ . For other “misalignment” cases, the 
SNR is averaged on the transition sites in the Table 5.4. Clearly, a better uniformity of 
kH  amplitude has the larger SNR and better recording performance. 
 
For FePt-SOMA media, the narrow kH  amplitude distribution around room temperature 
can be achieved in high order perpendicular media [37]. But the control of kH  angle 
distribution is still a great challenge. In Fig.5.11, different Hk∠σ  ( 000 30,15,1=σ ) media 
with the same 10.0=HKσ  are simulated. The effect of kH  angle distribution is 
similar to that of amplitude distribution (Table 5.5, 5.6). The SNR fluctuation at 
0-degree’s is less prominent for a worse oriented media. Small Hk∠σ  value results in the 












σ  >40 dB 
10.0=
Hk
σ  ~21 dB 
20.0=
Hk
σ  ~5 dB 
Table 5.3 SNR fluctuation range at 0-degree alignment for different Hkσ  
 
 
 45-degree 30-degree 10-degree 
05.0=
Hk
σ  30.52 dB 29.41 dB 28.36 dB 
10.0=
Hk
σ  26.60 dB    26.98 dB 26.09 dB 
20.0=
Hk
σ  23.43 dB  23.46 dB 23.27 dB 




Fig.5.11  SNR of 0-degree alignment at SOMA media with different Hk∠σ   
 
 
01=∠Hkσ  ~24 dB 
015=∠Hkσ  ~12 dB 
030=∠Hkσ  ~9 dB 
Table 5.5 SNR fluctuation range at 0-degree alignment for different Hk∠σ    
 
 
 45-degree 30-degree 10-degree 
01=∠Hkσ  28.44 dB 27.89 dB 26.78 dB 
015=∠Hkσ  24.54 dB    25.32 dB 24.75 dB 
030=∠Hkσ  23.63 dB  24.08 dB 23.12 dB 
Table 5.6 SNR level averaged on transition sites (-0.5 to 0.5) at different Hk∠σ  
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5.4 Bit-Array Alignment Effect at Different Exchange 
Coupling Strength 
 
Besides the uniformity of the grain anisotropy field, it is well known that the transition 
noise is much related to the exchange coupling strength eh . Because the transition 
parameter ""a  and cross-track correlation length "" s , which characterize the transition 
noise, are both influenced by eh  [38]. Fig.5.12 shows the hysteresis loop of the media 
with different exchange coupling but a certain anisotropy distribution 
( 10.0,5
0 ==∠ HkHk σσ ). Here, cH  and rM  do not change much with varied eh  
value, but the slope is much smaller for the media without exchange coupling.  
 
Fig.5.12  Hysteresis loops of SOMA media at different exchange coupling strength  
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The influence of eh  on the recording performance at 0-degree bit-array alignment is 
illustrated in Fig.5.13. The results tell that SNR fluctuation range for 0-degree case 
decreases with the weaker exchange coupling. It is worthy to note that at the grain site 
center (Fig.5.6), smaller eh  raises the SNR level; while at the grain boundary center 
(Fig.5.7), smaller eh  reduces the SNR level.  
 
Fig.5.13  SNR of 0-degree alignment for SOMA media with different eh  
 
The simulation results (Fig.5.14) also show that the signal strength is simply correlated 
with the eh  value: the larger the exchange coupling, the stronger the GMR output signal 
power. So the dependence of noise power on the eh  (Fig.5.15) is the main reason for the 
change of SNR fluctuation for the 0-degree alignment case. Typically, ""a  decreases 
while "" s  increases with increasing eh , and the transition noise can be 
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characteristically denoted as ""
2sa [38]. From Fig.5.14 we can see that when eh  is 
increased, at the grain site center, the increasing of "" s  is the dominant effect, and at the 
grain boundary center, the decreasing of ""a  is more prominent comparing with the 
increasing of "" s . 
 
 




Fig.5.15  Noise power of 0-degree alignment for SOMA media with different eh  
 
Considering the bit-array misalignment cases, except for their SNR fluctuation range 
evaluation, the SNR level averaged along the different transition sites (-0.5 to 0.5) is 
calculated in the following table. 
   
 45-degree 30-degree 10-degree 
0.0=eh  25.14 dB 25.72 dB 25.68 dB 
05.0=eh  26.60 dB    26.98 dB 26.09 dB 
10.0=eh  26.21 dB  26.32 dB 25.09 dB 
Table 5.7 SNR level averaged on transition sites (-0.5 to 0.5) for different eh  
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It is clear that the averaged SNR at 05.0=eh  is the largest for all the bit-array 
alignment cases. These results are consistent with the results from [38], in which it is 
concluded that the transition noise is minimized when 04.0=eh . Here, because the 
transition noise at 05.0=eh  is smaller than that at 0.0=eh  and 10.0=eh , and the 
signal strength does not vary significantly, so the system averaged SNR is highest when 
05.0=eh . 
 
As discussed above, from the view of the system performance level, the influence of 
exchange coupling lies in two aspects: firstly, a larger exchange coupling will further 
reduce the lowest SNR level of the media (the lowest point of 0-degree SNR curve), 
though the largest SNR level is increase at the same time; secondly, the averaged SNR 
level of the system is the highest when the media is with certain exchange coupling. 
Evaluated from these two aspects, certainly the recording performance of 10.0=eh is 
the worst. While comparing the cases of 0.0=eh  and 05.0=eh , the lowest level of 
SNR is about 3 dB larger at 0.0=eh  than that at 05.0=eh , and the averaged SNR 
level of misalignment cases is around 1 dB smaller at 0.0=eh  than that at 05.0=eh . 
The lowest point of 0-degree SNR curve has become the bottle-neck of the whole system, 
and non-exchange coupling will improve the bottle-neck recording performance at an 
expense of a general degradation of averaged SNR level but in a acceptable range. So 
unlike the characteristics of traditional perpendicular recording media, in which a certain 
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exchange coupling strength is preferable, for perpendicular oriented SOMA media, the 




In a perpendicular recording system based on SOMA media, the dependence of recording 
performance on the transition site for different bit-array alignment cases is not the same. 
In a system view, the minimum and maximum SNR value both occur in 0-degree 
alignment case when transition center is on grain site and on grain boundary respectively. 
The evaluation of SOMA system should not only focus on the transition-site-averaged 
SNR of various bit-array alignment cases, but also pay attention to the lowest SNR value 
in 0-degree alignment case. Because in reality, even though the grains of SOMA media 
are in a regular arrangement, the effective magnetic transition center is difficult to control 
due to the distribution of cH  in the whole disk as well as the system synchronization in 
such a small step of grain size. It is inevitable that some transition centers just fall on the 
grain site at 0-degree alignment, and the resulted lowest SNR can be regarded as the 
bottle-neck of the system performance. 
 
From the view of transition-site-averaged SNR level, the smaller the distribution of 
anisotropy field, the higher the SNR, and a medium exchange coupling can slightly 
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optimize the recording performance; From the view of bottle-neck SNR value, the 
decreased distribution of anisotropy field does not affect the minimum SNR value at 
0-degree alignment very much, while the increased exchange coupling greatly reduce this 
critical value. As a result, it is suggested that the improvement of the grain uniformity in 
terms of anisotropy field distribution and decoupling of the grains are beneficial to the 
recording performance of perpendicular oriented SOMA media, both in 
transition-site-averaged SNR level and bottle-neck SNR level of the system. 
 
It is noted that the bit-array alignment effect discussed in this chapter is not only for 
perpendicular oriented SOMA media, but also related with longitudinal oriented media. 
Also, it is not only for the SOMA grains in square arrangement, but also related with 
SOMA grains in hexagonal arrangement. The case of the multi-bit recording in Chapter 3 
for longitudinal SOMA media corresponds to 0-degree alignment with transition location 
near the grain site, a relative “bad” performance case. 
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Chapter 6  Conclusions and Future Work 
 
In the magnetic recording system, achieving higher recording density is the common goal 
for all research work. From a system view, there are many limitations existed, such as the 
maximum available head field with steep field gradient, the minimum stable flying height, 
and the smallest magnetic stable grain size, etc. In the area of media development, 
SOMA medium is a very promising candidate beyond 2/ inTbit  recording density.  
 
In this thesis, recording performance of SOMA media and the optimization of SOMA 
media are studied by mircomagnetic modeling. The great advantage of SOMA media: 
regularity of grain size, has been demonstrated by comparing with the conventional 
media. Meanwhile, in a 3D-random SOMA recording system, Single Pole Head (SPH) 
has been shown to outperform Ring Head (RH), regarding to the transition pattern 
properties. For oriented SOMA recording system, a named “bit-array alignment effect” 
has been studied in depth, which has shown its significance when evaluating the 
performance of the whole system. 
 
The study in Chapter 3 has shown that the grain uniformity in terms of grain size 
distribution and anisotropy field distribution is very critical to the recording performance. 
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SNR level of in-line oriented media is much higher than 2D-isotropic media. SOMA 
medium with longitudinal orientation has shown a big space to increase the recording 
density in terms of SNR level, comparing to the irregular conventional longitudinal 
media (Fig.3.15). As expected, perpendicular oriented SOMA medium have even better 
recording performance. 
 
Chapter 4 has studied the recording performance of 3D-random SOMA media. The 
results show that SPH is preferred by 3D random SOMA media rather than RH in a view 
of SNR level. It is also noticed that the overall recording performance of the un-oriented 
3D random SOMA media is much worse than that of SOMA media with a certain 
orientation. 
 
For the SOMA media with the desired orientation, Chapter 5 has concentrated on a 
finding phenomenon: bit-array alignment effect, based on the simulation of the 
perpendicular SOMA media. The case of 0-degree alignment with transition located at 
grain site exhibits low signal and high noise, which results in the lowest SNR value in the 
recording system. Evaluation of oriented SOMA system should not only focus on the 
transition-site-averaged SNR of various bit-array alignment cases, but also the lowest 
SNR value in 0-degree alignment case. Simulation results also show that the 
improvement of the grain uniformity in terms of anisotropy field distribution and 
decoupling of the grains are beneficial to the recording performance of the oriented 
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SOMA media, both in transition-site-averaged SNR level and bottle-neck (lowest) SNR 
level of the system. 
 
The simulation study in this thesis proves the advantages of SOMA media in high density 
recording. Meanwhile, to be applicable in a real system, SOMA medium needs to possess 
of anisotropy orientation. The raised topic of bit-array alignment effect in Chapter 5 is a 
unique phenomenon related to oriented SOMA media when it is used in hard disk drive 
(circular track with skew angle effect). Further study on this effect might be taken in a 
more realistic modeling. Following are two aspects that can be included in the future 
study: 
 
1) Considering the head field profile for the SOMA media 
In this thesis, the track edge effect is ignored in the simulation study. In the real system, 
the track edge effect needs to be considered and may interact with the bit-array alignment 
effect to degrade the recording performance further. Another point worthy of 
consideration is that to write SOMA media with such high anisotropy field, the hybrid 
recording technology such as Heat Assist Magnetic Recording (HAMR) is required. Then 
the head writing bubble is mainly decided by the heat profile of the laser head, which is 
often regarded as a Gaussian distribution. As such, the trailing edge of writing bubble is 
further detoured even in the track center, which results in a detoured recorded transition. 
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In this case, the bit-array alignment effect on the recording performance might be more 
complicated. 
 
2) Considering the case of long-range order realization for SOMA media in a hard disk 
drive media 
Though SOMA medium is regarded as ordered media, the ordering distance is only in the 
mµ  range. Long-range ordering is another challenge for the researchers when apply it to 
the real recording system. One proposal is to sectorize the SOMA disk into discrete 
regions. In the small region, the grains can be locally ordered in square or hexagonal 
arrangement. The bit-array alignment effect discussed in this work actually corresponds 
to the local region case. But at the border of two neighboring regions, the grain 
arrangement might not follow the square or hexagonal lattice. If transition is written at 
the region border, the SNR value might not follow the discipline. Simulation at this part 
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